High quality thin-film transistors ͑TFTs͒ with hydrogenated amorphous silicon, a-Si:H, deposited by hot-wire chemical vapor deposition as the active layer at growth rates above 20 Å/s, have been prepared using a standard, low-temperature process on glass substrates. These TFTs show a switching ratio above 3ϫ10 6 , a threshold voltage of 6 V, a subthreshold slope of 1.7 V/decade, and a field effect mobility of 0. 6 , and leakage currents, I OFF Ͻ10 Ϫ12 A, is usually made by rf glow discharge at relatively low growth rates (ϳ1 Å/s). However, for industrial production, higher growth rates (Ͼ15 Å/s) are needed.
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Thin film transistors ͑TFT͒ made from hydrogenated amorphous silicon, a-Si:H, are currently of great interest due to their application in matrix-addressed arrays, such as flatpanel displays and image scanners.
1,2 The a-Si:H active layer for high performance TFTs, which have field-effect mobilities, Ͼ0.2 cm 2 V Ϫ1 s
Ϫ1
, switching ratios, I ON /I OFF Ͼ5 ϫ10 6 , and leakage currents, I OFF Ͻ10 Ϫ12 A, is usually made by rf glow discharge at relatively low growth rates (ϳ1 Å/s). However, for industrial production, higher growth rates (Ͼ15 Å/s) are needed. 3 Hot-wire chemical vapor deposition ͑HW-CVD͒ has been shown by a number of groups to produce a-Si:H films at high growth rates ͑5-20 Å/s͒ which have optoelectronic properties comparable to the best films grown by rf glow discharge [4] [5] [6] [7] [8] and are compatible with large area production. 9 The hot-wire chemical vapor deposition technique involves the decomposition of feed gases ͑e.g., silane and hydrogen͒ on the surface of a heated wire ͑usually tungsten͒ into precursors of possible gas-phase reactions and thin-film deposition.
Initial work on TFTs made from ͑HW͒ a-Si:H 10,11 suggested that these devices were more stable than their rf glow discharge counterparts. However, these devices were inferior to the high performance TFTs made from rf glow discharge, with ϳ0.001 cm 2 V Ϫ1 s Ϫ1 and I ON /I OFF ϳ10 5 . Furthermore, these TFTs were fabricated on doped crystalline silicon with a thermal oxide dielectric rather than the standard process of silicon nitride and glass substrates used for display applications. In this letter, we present a high performance TFT incorporating an intrinsic a-Si:H active layer deposited by HW-CVD using standard, low temperature processing on glass substrates. Although it has been shown that both amorphous silicon nitride 12, 13 and doped microcrystalline silicon, 14 respectively, for the gate insulator and contact layers, can be prepared by HW-CVD making an all HWdeposited TFT possible, the gain in fabrication time is only significant for the active layer. This is because good quality silicon nitride can be prepared at high deposition rates by rf and high conductivity n ϩ microcrystalline contact layers by HW have similar deposition rates to rf.
The TFTs are all nonpassivated, inverted-staggered structures ͑Fig. 1͒. The source, drain, and gate electrodes are made with 300 nm of AlSiCu alloy deposited by dc magnetron sputtering. The silicon nitride gate dielectric and the a-Si:H are grown in the same chamber and without breaking vacuum. A 300 nm silicon nitride is grown by rf glow discharge decomposition of a silane/ammonia gas mixture at 75 mTorr, a substrate temperature of 250°C, and an rf power of 100 mW/cm 2 . A 100 nm layer of a-Si:H is deposited by hot-wire CVD immediately following the silicon nitride deposition using the following conditions: tungsten filament temperature of 2500°C, process pressure of 20 mTorr, substrate temperature of 250°C, and 20 sccm of SiH 4 . The hot wire assembly is mounted on a movable feedthrough which allows for the movement of the tungsten wire away from the plasma during nitride deposition and allows the wire to be heated to the process filament temperature in hydrogen away from the proximity of the substrate before a-Si:H deposition. The source and drain contacts are made with a 50 nm layer of high conductivity n ϩ microcrystalline silicon, c-Si:H, ͑dark conductivityу1 ⍀ Ϫ1 cm Ϫ1 and activation energy ϭ0.04 eV͒. The n ϩ c-Si:H was deposited using 95% hy- 
was necessary to achieve the high conductivity mentioned above. The transistors have a channel length, L ϭ47 m and a channel width, Wϭ260 m.
The filament temperature of 2500°C was chosen because they result in the deposition of a-Si:H at high growth rates of 20-30 Å/s. The possibility of tungsten contamination at this filament temperature and deposition conditions has been investigated using secondary-ion-mass spectroscopy ͑SIMS͒ and no contamination was found down to the detection limit of ϳ5 -9ϫ10 17 atoms/cm
Ϫ3
. The optoelectronic properties of these films are: Tauc's gap: 1.65-1.70 eV; dark conductivity: 5ϫ10
, dark conductivity activation energy: 0.8-0.85 eV; photoconductivity: 5ϫ10 Ϫ4 -10 Ϫ3 ⍀ Ϫ1 cm Ϫ1 ; Urbach energy from the constant photocurrent method ͑CPM͒: 55-60 meV; density of deep defects from CPM: 2ϫ10 16 cm
. The structure of the films are shown by Raman to be amorphous and infrared spectroscopy shows hydrogen content to be between 5% and 8% with a microstructure factor 15 between 0.1 and 0.2. HW deposited a-Si:H generally show some degree of microstructure, as evidenced by the presence of dihydride absorption in the infrared and hydrogen evolution from internal interfaces. 16 This microstructure could be the source of the slightly higher defect densities observed in high growth rate HW a-Si:H as compared to device-quality a-Si:H deposited by rf glow discharge at ϳ1 Å/s. For comparison, TFTs incorporating device-quality rf glow discharge a-Si:H films were fabricated in parallel with the hot-wire TFTs. These films were deposited using rf power density of 100 mW/cm 2 , a silane flux of 35 sccm, a hydrogen flux of 35 sccm, a pressure of 0.1 Torr resulting in a deposition rate of ϳ1 Å/s. Figure 2 shows the transfer curve of a HW ͑dark circles͒ and an rf TFT ͑light circles͒. The field effect mobility, , and the threshold voltage, V t , were determined in the saturation regime. 1, 17 A, and S th ϭ1.2 V/decade. These values show that HW TFTs grown at high deposition rates can be made with properties that are comparable to those made from device-quality rf glow discharge a-Si:H. Figure 3 shows the transistor output characteristics of the ͑a͒ HW and ͑b͒ rf TFTs. The values of gate voltage, V G , used in Fig. 3 were chosen to keep similar current levels in both the HW and rf TFTs. This was done in order to avoid degrading the transistor during the measurement. Because the hot-wire TFT has a larger V t and wider S th , degradation of the transistor only occurred for higher gate bias stress levels than in the case of the rf transistor. However, with a large enough gate bias, degradation was observed for both types of transistors. This appears to suggest that hot-wire transistors may not be intrinsically more stable than rf transistors, but that as their quality is improved, similar problems of stability to those encountered in rf TFTs will have to be addressed.
One characteristic of HW deposition is the high rate of production of atomic hydrogen by the dissociation of H 2 or SiH 4 on the hot tungsten wire [18] [19] [20] in the absence of ion bombardment. At higher filament temperatures (T fil Ͼ1900 °C͒ and low hydrogen dilution conditions, this atomic hydrogen plays a crucial role in stabilizing the structure of the growing film by breaking weak Si-Si bonds and promoting cross linking. This allows the deposition of high quality amorphous silicon at high growth rates. However, films deposited by HW at very high growth rates (r d Ͼ20 Å/s) always show defect densities higher than in the best rf films grown at 1 Å/s. One possible reason could be that the high growth rate does not allow sufficient time for full cross linking and strain relaxation, giving rise to the previously mentioned microstructure in the films. For these reasons, it is not surprising that the mobility of the TFT with the high growth rate HW intrinsic layer is slightly worse than its devicequality rf counterpart. However, it is expected that a slight compromise in the deposition rate, by increasing the substrate to filament distance, would result in an improvement of the defect density.
In conclusion, we have shown that TFTs incorporating a-Si:H deposited at growth rates above 20 Å/s by hot-wire CVD show mobilities, off currents and on-off current ratios similar to their counterparts with a-Si:H deposited by rf glow discharge at growth rates around 1 Å/s. The hot-wire TFT shows a larger subthreshold slope which most likely results from the higher subgap density of states of the HW-CVD a-Si:H film. Decreasing the deposition rate slightly, by increasing the substrate to filament distance may result in an improvement in the defect density of the intrinsic HW a-Si:H active layer and as a result, improved TFT mobilities.
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